Intrinsically disordered proteins (IDPs) exist in solution as ensembles of structures. This raises a challenge to us, humans, as we tend to understand structures by visualizing them,[@R1] and we lack ways to represent ensembles. Ensembles contain structural information, even when IDPs satisfy random-coil statistics.[@R2]^,^[@R3] Some regions of IDPs can adopt secondary structures, at least for a transient time.[@R4] This can be probed with experimental techniques such as NMR, in particular with Residual Dipolar Couplings (RDCs).[@R5]^-^[@R8] Structured regions, termed MoRFs, are key to recognition processes mediated by coupled folding-binding events.[@R9] The interpretation of data derived from NMR is usually done by stating that a certain segment of the protein chain adopts a certain secondary structure in a percentage of the total ensemble, but this conveys information in a difficult way for scientists not familiar with these interpretations. How can the ensembles be represented to better unveil their structure?

When studying protein folding, ensembles coming from computations are represented along the reaction coordinate of native contacts. This shows that for many (small) proteins, folding is a 2-state process. Thus, it is a cooperative event where most of the ensemble at a given temperature is either folded or unfolded. Victor Muñoz has pioneered the study of downhill folders, which fold in a progressive manner.[@R10] How do MoRFs of IDPs behave? Contact order discriminates between 2-state and downhill folders, but it cannot be used in IDPs because it is based on the concept of a well-defined native structure. MoRFs are usually described as the ratio of residues that adopt a certain secondary structure. It is important to differentiate when residues in a fragment independently adopt a conformation in a secondary structure region, from when that fragment contains a true secondary structure, with all the residues adopting that conformation at the same time, even if that structure is only adopted rarely. Indeed, if *n* residues are in an α-helical region 20% of the time, that does not mean an helix of *n* residues is present 20% of the time. Whether this happens or not will lead to different experimental results, such as different RDCs, and it would be desirable to visualize the structural differences of these ensembles.

In this communication we present a way to represent the cooperativity or the correlations in secondary structure formation for IDPs, where the use of contact orders or native contacts is impossible. We named our approach SS-map, from Secondary Structure map. We first study 2-folded proteins near its melting temperature to link our SS-map with other visualization techniques used in the protein folding community. Then, we visualize an ensemble of a MoRF from a measles[@R11] and a Sendai[@R5]^,^[@R12] virus nucleoprotein. Finally we reconsider the existence of the polyproline II helix in IDPs.

The SS-map tool is available for download in <http://code.google.com/p/ss-map/>, under the GNU GPL v3 license. Graphical output from the SS-map is produced with the matplotlib library.[@R13] Details of the simulated ensembles are reported in the supplemental material.

The visualization tool presented in this work extends the calculation of secondary-structure percentage per residue one more dimension: we calculate and show the frequency of having *n* exactly contiguous residues in a certain secondary structure. For a protein with N+2 residues, this generates a matrix of *N*x*N*, where an element (*m*,*n*) corresponds to the frequency of having residue *m* forming a secondary structure element of length exactly *n*(see for example [Fig. 1](#F1){ref-type="fig"}). Frequencies are normalized, so that if one wants the probability of residue *m* forming an helix of at least 4 residues, one can get it by summing row *m*, elements 4 to N.

![**Figure 1.** SS-map representing α-helices for the HPLC-6 peptide at different temperatures \[(**A**): 313K, (**B**): 320K, (**C**): 327K)\]. Large helices are lost below the melting temperature of 323K and all fragments grow from a central residue. At 320K an ensemble of helices with a wide range of lengths is present but shorter helices are not more abundant than longer ones.](kidp-01-01-10925323-g001){#F1}

There are different definitions of secondary structure elements. Currently our code can use the definition reported in reference [@R14], where all the Ramachandran space is assigned to an element; a more restrictive definition as in reference [@R15]; or a user defined rectangular region of the Ramachandran plot. When the ensemble is input as a set of PDB files, SS-map uses the Bio.PDB[@R16] module of Biopython[@R17] to generate dihedral angles. Alternatively, we can use the external code Stride[@R18] to read the secondary structure. Differences in applying these definitions will be discussed below. A schematic workflow with the different possible input and outputs of SS-map is depicted in [**Figure S1**](#SM0001){ref-type="supplementary-material"}.

The information that SS-map presents requires an image for each of the ensembles. This information can be compressed in 2 ways to represent several ensembles in 1 image. The raw-average gives the widely used probability of a certain residue being in the selected conformation, as [**Figure S2**](#SM0001){ref-type="supplementary-material"} shows. The column-average gives new and complementary information: the percentage of fragments of a given length. This information can then be combined for different ensembles, for example, at different temperatures, such as in [Figures 2](#F2){ref-type="fig"} and [3C](#F3){ref-type="fig"}.

![**Figure 2.** Temperature dependence of the presence of secondary structure elements at different temperatures. The x-axis represents the length of a helix element, and the y-axis the temperature. It shows how long helices are present only at low temperatures, and that helices do not get shorter, they just become much scarcer at higher temperatures (only the region of long helices is plotted, as the remaining region is essentially zero).](kidp-01-01-10925323-g002){#F2}

![**Figure 3.** SS-map showing β-strands for the GB1p β-hairpin below the folding temperature \[(**A**): 319K and above (**B**): 327K\]. The temperature dependence of the SS-map shows that at all temperatures the most frequent strand has 4 residues (**C**).](kidp-01-01-10925323-g003){#F3}

We first present a study of the unfolding of the peptide HPLC-6, which forms an α-helix and has a melting temperature of 323K when simulated with the Profasi force field.[@R19] The percentage of α-helix conformation for each peptide gradually decreases with temperature. This is more prominent at the N- and the C-terminus ([**Fig. S2; Fig. S3**](#SM0001){ref-type="supplementary-material"}). The SS-map shows that at 313K a long helix spanning most of the residues is the most abundant structure (see [Fig. 1](#F1){ref-type="fig"}). At 320K, this long helix is lost and fragments of different sizes are almost equally present, but in all cases, these fragments grow from the central residue 19. A representation of secondary structure per residue ([**Fig. S2**](#SM0001){ref-type="supplementary-material"}) suggests that helices get shorter with temperature. This is not true: Long α-helix segments are not less frequent than shorter ones. At 320K, all fragments are rare, and the cumulative percentage of helices larger than 20 residues represents only a 21%. This number, at 313K is of 71%. At 327K, although the overall percentage of α-helix is still 45% ([**Fig. S2**](#SM0001){ref-type="supplementary-material"}), there is no helix as such, only residues that adopt this conformation independently, without any cooperativity. This information cannot be reflected with the visualizations traditionally used, such as [**Figure S2**](#SM0001){ref-type="supplementary-material"}, but it is relevant to interpret the results of circular dicroism that revealed a non-negligible percentage of α-helix even at 343K:[@R20] our interpretation is that it was only due to isolated residues in α-helix, and not to true helical segments.

The information of a range of ensembles at different temperatures can be compressed as previously explained. [Figure 2](#F2){ref-type="fig"} shows that the long helix spanning 34 or 35 residues is lost between 310 and 315K, and then the ensemble is composed of helices of several different lengths. An essentially unfolded ensemble at the melting temperature agrees with recent similar findings for the more complex Protein A.[@R21]

We now focus on a structure that forms a β-hairpin, i.e., 2 β-sheets connected by a turn. We have taken a mutated from of the GB1p peptide (GB1m2)[@R22] also studied with the Profasi force field.[@R19] The simulated melting temperature for this peptide is very similar to the previous α-helix, 324K. The SS-map shows two β-strands and an empty 4-residue central region, which corresponds to the β-turn ([Fig. 3](#F3){ref-type="fig"}). Even above the transition temperature, the strands of the hairpin remain the most populated structures, in contrast to the α-helix. The SS-map shows that the unfolded state of this β-hairpin---ensembles above the folding temperature---has different structural characteristics than the unfolded state of the α-helix ([Fig. 1](#F1){ref-type="fig"}; [Fig. 2](#F2){ref-type="fig"}). The temperature profile of the SS-map in [Figure 3](#F3){ref-type="fig"} also contrasts with the one for the α-helix.

We now focus on a true IDP that contains fragments of partial secondary structure. These fragments are called MoRFs and correspond to binding regions of the IDPs.[@R9] Partially ordered regions are a challenge for many biophysical techniques,[@R4] but a successful approach is the use of NMR Residual Dipolar Couplings.[@R6]^-^[@R8] Here we will consider 2 proteins: a Measles virus nucleocapsid protein[@R11] and a Sendai virus nucleoprotein,[@R5] both studied by Blackledge and coworkers. In both proteins, the authors used a random-coil model named Flexible Meccano[@R12]^,^[@R23] to generate an ensemble of structures ([Fig. 4](#F4){ref-type="fig"}). Then they added helical fragments---in a statistically robust way---until they achieved a satisfactory fit of the RDCs. A special conformational treatment was given to the N-capping residues of the helices. The N-capping modifications are not implemented in the public version of Flexible Meccano, and therefore our ensembles differ from the ones used by Blackledge and collegues (see the SI for a further discussion of this point). [Table 1](#T1){ref-type="table"} describes the composition of both ensembles.

![**Figure 4.** Helical content for the ensembles that reproduces the experimental RDCs of the Sendai virus nucleoprotein[@R5] (**A**) and the measles virus nucleoprotein[@R11] (**B**). Both ensembles were generated with Flexible Meccano by mixing ensembles with pre-defined helical content as detained in [Table 1](#T1){ref-type="table"}. Although 3 helices were used for the Sendai protein and 4 for the measles protein, the resulting ensemble is more continuous and mixed than [Table 1](#T1){ref-type="table"} might suggest.](kidp-01-01-10925323-g004){#F4}

###### **Table 1.** Composition of the ensembles generated with Flexible Meccano[@R12]^,^[@R23] to reproduce the RDCs for the Sendai virus nucleoprotein[@R5] and measles virus nucleoprotein,[@R11] based on the data provided therein

                Residues   Population (%)
  ------------- ---------- ----------------
  H1            479--484   36
  H2            476--488   [@R28]
  H3            478--492   [@R11]
  Random coil   468--500   [@R25]

  Measles                  
  ------------- ---------- --------
  H1            494--499   [@R22]
  H2            492--497   30
  H3            489--502   [@R10]
  H4            485--502   [@R13]
  Random coil   481--506   [@R25]

Remark that the N-capping aminoacids had a special conformational behavior not implemented in the public version of the Flexible Meccano code, and therefore the ensembles reported here differ from those described in the original references.[@R5]^,^[@R11]

The analysis of the ensemble using SS-map shows that the picture is more complex than it might seem. For example, helix H1 and H2 in the measles virus protein mix together to give an ensemble of helices that have lengths from 5 to 8 residues. Similarly helices H2 and H3 in the Sendai virus protein cannot really be differentiated and extend from the limits stated in [Table 1](#T1){ref-type="table"}. In our ensembles helices extend both toward the N-terminal and the C-terminal sense symmetrically, due to the lack of the N-capping treatment.

SS-map helps to bring light to these features, but as a visualization tool it does not substitute the work to determine what constitutes a correct ensemble. Here we have exploited the statistically sound analysis of Blackledge and coworkers to optimize the ensemble to fit the experimental data and we have only considered their best results.

The presence of polyproline II (PPII) helices in IDPs has been studied in several works. It has been related to the unexpected temperature behavior of IDPs[@R24] and its content correlates with the net charge of the IDPs[@R15] because PPII helices are the most stable conformations for charged residues.[@R25] We have analyzed the simulated ensembles of 4 IDPs studied by Pappu and colleagues, but here we only report the results for a poly-glutamine of 34 residues (id. 21 in their work[@R15]) because the results are similar for the other IDPs. Among all their reported IDPs, this one has the highest PPII content, as expected from its highest charge. Although the total PPII content is 51%, [Figure 5](#F5){ref-type="fig"} shows that the longest helices present in the ensembles contain only 5 consecutive residues. To avoid being deceived by single-residue propensities, Pappu and coworkers counted only fragments of 3 or more consecutive residues in PPII conformation. SS-map removes the arbitrariness of that number "3"and conveys more information. As opposed to the α-helix in [Figure 1](#F1){ref-type="fig"}, there is no growing helix from any central residue. Thus, long helices of PPII do not cooperatively form in solution, at least in the models used by Pappu and coworkers.[@R15] Considering that electrostatic interactions in water increase with temperature,[@R26] it would be interesting to study how these ensembles change when heated. We leave that for future work.

![**Figure 5.** Content of Polyproline II for the 34-residue poly-glutamine, the region defining the polyproline II is the same as in the original study.[@R15] Although the natural propensity of all the residues is to be in PPII with a relevant frequency, the formation of a helix is not a cooperative process and long helices are absent, in contrast to the α-helices of [Figure 1](#F1){ref-type="fig"}.](kidp-01-01-10925323-g005){#F5}

Although everybody agrees on the qualitative description of α-helices and β-sheets, different groups partition the Ramachandran plot in different regions. For example, Blackledge and coworkers use big rectangular regions so that any point belongs to a given secondary structure.[@R14] Although these regions are larger than what is usually accepted, they allow the classification of all points in the Ramachandran plot. Pappu and colleagues use much more restrictive secondary structure elements,[@R15] closer to more wide-spread definitions such as the one in the Wikipedia.[@R27] In SS-map users can also measure with their own definitions. The effect of these arbitrariness could be more important in IDPs than in folded proteins, due precisely to their higher disorder. [Figure 6](#F6){ref-type="fig"} shows the ensembles plotted using different criteria. It is interesting that the Stride program never considers a fragments of less than 4 residues to have a secondary structure, to model as closely as possible how crystallographers represent α-helices and β-strands.[@R18] Therefore the results differ in those 1 to 3 residue fragments, but agree almost quantitatively in the rest. The more restrictive definitions used by Pappu and coworkers[@R15] lead to overall lower percentages of secondary structure fragments as expected, but the general picture remains the same (compare [Fig. 6](#F6){ref-type="fig"} with [Fig. 4B](#F4){ref-type="fig"}). Whether a consensus is necessary or not is something the scientific community has to decide, but our present findings suggest that the structural interpretations do not change significantly with varying definitions.

![**Figure 6.** SS-map for the measles virus nucleoprotein showed if [Figure 4](#F4){ref-type="fig"} using two different criteria to define the α-helix. The external program Stride (**A**), which only considers a secondary structure element when it is larger than 4 residues, and the definition used in reference [@R15] (**B**), which is approximately circular and much smaller than the region used by Blackledge and coworkers.[@R14]](kidp-01-01-10925323-g006){#F6}

Understanding IDPs with partially folded regions is a challenge to both computation and experiment.[@R4] Conformations cannot be referenced or compared with a native structure and we need new tools to visualize these heterogeneous ensembles. In this work we presented a tool, SS-map, which literally adds a new dimension to the representation of IDPs ensembles. By including the correlation between secondary structure elements in fragments, a more detailed picture emerges. Differences between α-helices, β-strands and PPII regions become more evident. The ensembles used to reproduces RDCs data can also be visualized and compared. SS-map does not optimize or change the ensembles whatsoever, it only extracts information from them and displays it. The results are as realistic as the underlying ensemble is; finding these ensembles remains a challenge.[@R28] Finally, this tool can also be useful to analyze the folding process of small proteins and peptides.[@R29]
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